Geologic modeling and reservoir simulation provide information critical to successful commercialization of discovered and undeveloped reserves, as well as to the effective management of producing reservoirs.
Introduction
For most developments, there is economic pressure to keep the well count at a minimum throughout the entire life of the field. Well data alone may be insufficient to adequately describe the reservoir and to constrain the assignment of properties in the geologic model. 3D seismic interpretations in the form of maps and volumes are often integrated into the geologic model to help constrain these assignments. However, there are issues associated with utilizing seismic data for this purpose, possibly the most important being that of the differences in scale between the seismic and the well data.
Traditional geostatistical simulation methods, such as simple kriging with varying local means and collocated cokriging (Goovaerts 1 ), do not properly account for the fact that the seismic data represent a very different scale of information than do the well data. Block cokriging and simulated annealing methods attempt to account for this difference by assuming that the calibrated seismic data represent vertically averaged rock properties over a specified thickness of the reservoir (Behrens et al. 2 , Deutsch et al. 3 , Doyen et al. 4 , and Behrens and Tran 5 ). However, particularly for thick reservoir intervals, the seismic data does not contain the scale of information that is represented by a vertical average, and a simple vertical average does not capture the seismic-scale heterogeneity that is present in that reservoir interval.
To properly integrate seismic-scale information into the geologic model, one must consider the scale of the seismic data in terms of its frequency bandwidth. Gilbert and Andrieux 6 propose a method whereby a geologic model of porosity is constructed by summing two independently modeled frequency components, a low-frequency component corresponding to frequencies consistent with the seismicimpedance spectrum, and a high-frequency component corresponding to frequencies above the seismic spectrum. Both components are modeled with Sequential Gaussian Simulation, and both are conditioned to well data that have been spectrally filtered to the appropriate bandwidths. The low-frequency model is also conditioned to a seismicimpedance volume, using collocated cokriging as the cokriging estimator. The advantages of this method are that it accounts for the scale differences between the seismic and the well data, and that it utilizes all frequencies of information contained in the seismic-impedance data. A disadvantage of this method is that it requires porosity variograms that represent the limited bandwidths of the frequency components. It is difficult, if not impossible, to model frequency-limited components using variograms. Such models will certainly contain information outside of their targeted bandwidths.
Artifacts could result if such components are combined to produce the geologic model.
We propose an improved method for integrating seismic data into geologic models (Calvert et. al. 7 ). This method properly accounts for the difference in scale between the seismic and the well data, and fully utilizes all frequencies of information contained in the seismic data. In part, it does this by simulating the model using spectral simulation (see discussions in Pardo-Iguzquiza and Chica-Olmo 8 and Yao 9 ), which applies a 3D-amplitude spectrum to control the spatial continuity of the modeled property. We refer to this approach as "Spectral Component Geologic Modeling" (SCGM), and demonstrate its application in the modeling of a submarinechannel reservoir.
Methodology
The process and data requirements for building a Spectral Component Geologic Model are very similar to those required for building any geologic model that is conditioned to the seismic data. The model is built within a 3D grid, which is constructed from structural and stratigraphic interpretations. Seismic and well data used for modeling are interpolated into this grid.
The grid coordinates are transformed into stratigraphic coordinates prior to modeling.
Interpreting Spectral Components.
A spectral component is a map or volume of a rock property, often interpreted from the seismic data. If modeling a continuous, numerical property, such as porosity, the spectral component values are in units of that property. If modeling an indicator property, such as lithofacies, the spectral component represent lithofacies-probability values. Each spectral component contains information over a limited and measurable frequency band. Spectral components normally are characterized by their amplitude spectrum, as measured in the vertical direction (Fig. 1) . The frequency content of interpreted spectral components will almost always represent a scale that is no finer than that of the seismicimpedance spectrum, generally less than 100 Hz. The maximum (Nyquist) frequency for a geologic model can be 1000 Hz or even greater. Therefore, the frequency bandwidths of the interpreted spectral components represent only a small fraction of the total bandwidth of the geologic model. Spectral components can be generated using any appropriate geophysical interpretation method. In Fig. 1 , the upper figure, Vsand values range from >0.3 (yellow) to < 0 (dark blue). Information about the generation of this specific spectral component is provided in a followig section. 
Building the Tentative Geologic Model from Spectral
Components. A tentative geologic model is constructed by mathematically combining all spectral components. Each spectral component provides information to this model that is limited with respect to frequency content. The model is "tentative" because it does not completely honor the desired spatial continuity and statistical distribution of the modeled property, nor does it completely honor the measured properties at the well locations. These desired characteristics are honored in the following step.
If the individual spectral components do not overlap in frequency content, then the tentative geologic model is constructed by simply summing the individual components. However, if there is overlap in their frequency contents, then the components are combined through weighted averaging. The weight is a function of that component's relative confidence value, a value of 0.0 represents no confidence in the data and a value of 1.0 represents infinite confidence in the data. Confidence values are provided by the interpreter and are based on their judgement of the quality of the data and of the interpretation.
Information at frequencies not represented by the combined spectral components are simulated as stochastic data and added to the tentative geologic model. To build multiple geologic-model realizations, one changes the simulation seed that is used in generating this stochastic information. The process of constraining the geologic model is sequential, in that the tentative geologic model is constrained first to honor continuity, second to honor the statistical distribution, and finally to honor the well data.
Constraining the Tentative Geologic
Honoring the Desired Spatial Continuity. With Sequential Gaussian Simulation, the 3D spatial continuity of the modeled property is controlled using a 3D-variogram model. Spectral Component Geologic Modeling uses a 3D-amplitude spectrum to control this continuity. The amplitude spectrum is the frequency-domain representation of the variogram. This process, termed spectral simulation, requires that the tentative geologic model be transformed into the frequency domain using the Fast Fourier Transform (FFT), as illustrated in Fig. 2 . Transforming the model to the frequency domain produces a 3D-amplitude spectrum (Amp2), which contains information on the 3D spatial continuity of the property values within the tentative geologic model (TGM), and a 3D-phase spectrum (Phase), which contains information on the relative spatial distribution of the property values within the TGM. If the desired spatial continuity is fully represented by the variogram model, then this can be honored by substituting the amplitude spectrum that is derived from the tentative geologic model with that derived from the variogram model (Amp1), while in the frequency domain. Alternatively, and often preferably, the desired spatial continuity might, in part, be represented by the spectral components. For example, there may be depositional features observed in the spectral components, such as thin, sinuous channels, which could not be preserved in the geologic model if continuity is controlled using variograms. In this case, the "amplitude spectrum preservation" (ASP) option is applied within SCGM to preserve these features in the geologic model. Using this option, a portion of the amplitude spectrum derived from the tentative geologic model (stippled portion in Amp2) is preserved and combined with the complimentary portion of the amplitude spectrum derived from the target variogram model (stippled portion in Amp1), to produce a composite amplitude spectrum (Amp). The portion of Amp2 that is preserved is generally those frequencies represented by the spectral components, which are almost always the lower frequencies. The advantage of this approach is that the exact and non-stationary continuity information contained within the spectral components is preserved in the constrained geologic model, albeit this information represents a limited scale in frequency. Continuity at all other scales (e.g., the higher frequencies) is controlled by the variogram.
The phase spectrum from the tentative geologic model is recombined with this amplitude spectrum using the inverse FFT (FFT -1 ). The resulting constrained geologic model (CGM) honors both the spatial distribution of the modeled property (phase spectrum), as represented in the tentative geologic model, and the desired spatial continuity of that property (composite amplitude spectrum).
Honoring the Desired Statistical Distribution. The statistical rock-property distribution of the tentative geologic model and that of the target histogram are represented as cumulative distribution functions (CDFs), as illustrated in Fig.  3 . Each rock-property value in each CDF corresponds to a quantile; the quantile equals the corresponding cumulative fraction. Each quantile of the CDF for the tentative geologic model is transformed to the corresponding quantile of the CDF for the target histogram. In the example in Fig. 3 , the 0.60 quantile in the tentative geologic model CDF corresponds to a lithofacies probability of 0.50. Selecting the same quantile (0.60) in the target CDF gives a lithofacies probability of 0.25. The result is that a lithofacies probability value of 0.50 in the tentative geologic model is transformed to a value of 0.25 in the constrained geologic model. This process forces the data distribution of a modeled rock property to match the target histogram of that property. The quantile transformation does not change the relative rank of the data in the model. 
Spectral Components.
Two spectral components were provided for this study. Both components represent estimates of Vsand, which can be related to the probability of occurrence of sand-prone lithofacies. Cross-sectional and map slices through these volumes are shown in Fig. 4 . Cross-section views represent a slice through the 3D grid along the J axis (see Fig. 4) . Similarly, each map view represents a single stratigraphic (K) layer in the 3D grid.
Seismic-scale component.
A seismic-scale spectral component was inverted from quadrature-phase, multioffset seismic-amplitude volumes using a rock-physics based algorithm (Fig. 4, also see Fig. 1 ). The frequency bandwidth of the resulting spectral component is from 10 -55 Hz, representing the same bandwidth as that of the seismic data. In the upper figure, Vsand values range from >0.3 (yellow) to < 0 (dark blue). Though the seismic-scale component contains negative values of Vsand, because it represents residual data, this color scale was chosen in this figure to accentuate locations where sand-prone lithofacies are more likely to occur (yellow).
Low-frequency-scale component.
A low-frequency spectral component was generated by assigning average Vsand values to seismically interpreted regions that represent paleodepositional environments, and then low-pass filtering this volume to produce a spectral component having a frequency bandwidth from 0 -4 Hz. The interpreted volume's amplitude spectrum shows that it contains very little information at frequencies above 4 Hz; hence, a 4-Hz low-pass filter was chosen. In Fig. 4 , the paleo-depositional environments are shown in cross-sectional view. The overbank environment (dark blue) was assigned an average Vsand of 0.0, the channel environment (green) was assigned a value of 0.25, and the late-channel environment (light blue) was assigned a value of 0.10. The filter was applied over the entire thickness of the reservoir, which includes the interpreted zones both above and below the reservoir zone described here. In the lower figure, Vsand values range from >0.3 (yellow) to 0 (dark blue). 
J-section
Tentative Geologic Models. A tentative geologic model of Vsand (Fig. 5) was built by combining the two spectral components illustrated in Fig. 4 , and by adding a small amount of stochastic information at frequencies not represented by these components; i.e., from 4 -10 Hz and from 55 -625 Hz (the Nyquist frequency). However, because three lithofacies are to be modeled, three tentative geologic models of lithofacies probability are required, one for each lithofacies. A statistical method was applied that uses a Bayes technique to calculate multiple tentative geologic models of lithofacies probability, given at least one tentative geologic model of a related property, in this case, Vsand. This method also requires that average and standard deviation values of Vsand be known for each lithofacies, as well as their target global proportions. The resulting tentative geologic model of lithofacies probability for the HCT lithofacies is shown in Fig. 5 . Notice that HCT probability is greatest where Vsand is greatest, because HCT is the most sand-prone lithofaces. Tentative geologic models of lithofacies probability for the other lithofacies were also calculated using this method, but are not shown here. Note that the color scales for these two figures are different.
Constrained Geologic Models.
Tentative geologic models of lithofacies probability were constrained by applying Amplitude Spectrum Preservation (ASP) to control continuity at the scale represented by the spectral components (frequencies less than 55 Hz), and applying a single-structure, spherical variogram model to control continuity over frequencies from 55 -625 Hz. Histograms of lithofacies probability were not used as a constraint in this case, because they are optional when modeling lithofacies. This is because the desired proportions for each lithofacies are controlled by defining target lithofacies proportions, as is discussed in the next step.
The constrained model of HCT probability is shown in Fig.  6 . Constrained models of probability for the other lithofacies were simultaneously built, but are not shown here. Notice that the constrained HCT-probability model (Fig. 6) very closely resembles the tentative geologic model of this lithofacies (Fig.  5) . The differences in these models results from constraints imposed by the target variogram. In this figure, sand probability values range from >0.3 (yellow) to 0 (dark blue). Lithofacies Model. The lithofacies model built by classification (Fig. 7) can be compared with the constrained HCT probability model (Fig. 6) . Notice that the HCT lithofacies is placed at those locations having the highest HCT probability values. The proportions for all three lithofacies in this model exactly honor the target proportions (HCT 0.10, LCT 0.15, and Shale 0.75). By comparison, a lithofacies model was also built with Sequential Indicator Simulation, using varying local means as the simple kriging mean. The tentative geologic models of lithofacies probability were used as conditioning volumes. Notice that there is only some similarity between the location of HCT in this lithofacies model (Fig. 7) and the 0.00 location of highest HCT probability in the tentative geologic model (Fig. 5) .
If we focus on the curvilinear feature within the boxed area in Fig. 7 , it is very obvious that this feature was inherited from the tentative geologic model of HCT probability (Fig. 8) . This feature was interpreted as an individual sand body within this channelized depositional environment. A goal in modeling this reservoir was to preserve such features in the final lithofacies model. This goal was realized in the SCGM model, but not in the Sequential Indicator Simulation model (Fig. 8) . 
Conclusions
For many geologic models, a more accurate realization of the reservoir may result from the integration of seismic data interpretations. However, traditional geostatistical simulation methods do not properly account for the fact that the seismic data represent a very different scale of information than do the well data. We present a method that properly accounts for the difference in scale between the seismic and the well data, and fully utilizes all frequencies of information contained in the seismic data. The resulting geologic model honors both the spatial distribution and the spatial continuity of the modeled property, as they are represented in the spectral components. The advantage of this method is clearly demonstrated in the submarine-channel-reservoir case study, where features interpreted to be actual sand bodies within the channelized depositional environment are preserved in the final lithofacies model. One could argue that the spectral component interpretations represent "soft" information and therefore this information should not be honored in the geologic model. However, if these interpretations represent our best characterization of the reservoir, then why would one choose not to honor this information when building the geologic model? At least the interpreted information carries with it some degree of certainty, whereas there is no certainty associate with purely stochastic information. Using SCGM, the modeler is able to more fully utilize the seismic information in the geologic model, without compromising the ability to honor all other modeling constraints.
